† Background and Aims Convective gas flow in helophytes (emergent aquatic plants) is thought to be an important adaptation for the ability to colonize deep water. In this study, the maximum depths achieved by seven helophytes were compared in 17 lakes differing in nutrient enrichment, light attenuation, shoreline exposure and sediment characteristics to establish the importance of convective flow for their ability to form the deepest helophyte vegetation in different environments. † Methods Convective gas flow development was compared amongst the seven species, and species were allocated to 'flow absent', 'low flow' and 'high flow' categories. Regression tree analysis and quantile regression analysis were used to determine the roles of flow category, lake water quality, light attenuation and shoreline exposure on maximum helophyte depths. † Key Results Two 'flow absent' species were restricted to very shallow water in all lakes and their depths were not affected by any environmental parameters. Three 'low flow' and two 'high flow' species had wide depth ranges, but 'high flow' species formed the deepest vegetation far more frequently than 'low flow' species. The 'low flow' species formed the deepest vegetation most commonly in oligotrophic lakes where oxygen demands in sediments were low, especially on exposed shorelines. The 'high flow' species were almost always those forming the deepest vegetation in eutrophic lakes, with Eleocharis sphacelata predominant when light attenuation was low, and Typha orientalis when light attenuation was high. Depths achieved by all five species with convective flow were limited by shoreline exposure, but T. orientalis was the least exposure-sensitive species. † Conclusions Development of convective flow appears to be essential for dominance of helophyte species in .0 . 5 m depth, especially under eutrophic conditions. Exposure, sediment characteristics and light attenuation frequently constrain them to a shallower depth than their flow capacity permits.
INTRODUCTION
Convective gas flow is the generation of bulk internal gas movement in plants due to humidity-and temperature-induced pressurization of shoot aerenchyma (Armstrong and Armstrong, 1990; Afreen et al., 2007) . Initially documented in water lilies (Dacey, 1980) , it is now recognized as a widespread flooding tolerance adaptation in both floating-leaved and helophyte species (Brix et al., 1992; Grosse, 1996; Colmer, 2003) . Internal oxygen fluxes can be orders of magnitude greater when convective gas flow is operating than when diffusion is the sole mechanism of gas transport (Armstrong et al., 1996) . This leads to higher internal oxygen concentrations and rates of root oxygen release (Armstrong and Armstrong, 1990) , greater rhizosphere oxidation (Armstrong et al., 1992 (Armstrong et al., , 1996 Aldridge and Ganf, 2003) and less development of tissue anaerobiosis (Rolletschek et al., 1999) .
Most studies of convective gas flow have focused on the physiology of flow generation, the gas fluxes achieved and anoxia avoidance (Armstrong and Armstrong, 1990; Bendix et al., 1994; Afreen et al., 2007) . Although the very high oxygen fluxes delivered by convective flow confer ecological advantages for below-ground productivity and depth penetration in growth experiments (White and Ganf, 1998; Vretare and Weisner, 2000) , very few studies have attempted to probe its ecological significance for water depth penetration in the field. In Eleocharis sphacelata, convective flow in the day-time flushes stagnant oxygen-depleted gas that accumulates internally at night, and the time required for flushing increases with depth (Sorrell and Tanner, 2000) . In the only study so far comparing species distributions in situ, Vretare found that species with convective flow generally occurred more deeply in lakes than species without, and inferred that species with convective flow probably do have a competitive advantage in deeper water than species lacking flow.
A major obstacle in determining the importance of gas transport mechanisms for depth penetration is that maximum depths colonized by helophytes are dependent on a number of factors that may be either independent of, or interact with, gas flow development. Other factors affecting the maximum depths of helophytes in lakes are competition, wave exposure, light attenuation and sediment characteristics (Keddy, 1983; Coops et al., 1999) . Competition is most important in shallow water, with species diversity decreasing with depth as less flood-tolerant taxa are excluded by their lack of aquatic specialization (Keddy, 1983) . The deepest-growing emergent vegetation therefore rarely comprises more than one or two highly flood-tolerant species (Weisner, 1991) , which are usually clonal helophytes. Their depth penetration and zonation have most often been explained by abiotic influences such as sediment texture and mechanical resistance to wave action (Coops et al., 1994) , water level fluctuations (Blanch et al., 2000) or oxygen stress imposed by anaerobic substrates (Weisner, 1991) , but competition is also occasionally implicated (Grace, 1988) .
For these reasons, it is likely that convective flow and internal tissue aeration would define the maximum depth limit of a species when not confounded by these other factors. This would be expected on sheltered shores under oligotrophic conditions, where there would be little wave exposure, low competitive intensity, low light attenuation in the water column, and low organic matter accumulation and hence low oxygen demand in the sediment. Elsewhere, relationships between convective flow development and maximum depth of colonization are likely to be complex, not least because all these other factors interact to some extent. Shoreline exposure has direct mechanical effects on plants due to wave damage and uprooting, but also disturbs sediments, affecting organic matter accumulation and oxygen demand (Keddy, 1983; Coops et al., 1991) . Light attenuation is likely to be stronger in more eutrophic lakes (Van Duin et al., 2001) , which are also likely to have more reducing sediments (den Heyer and Kalff, 1998) .
We hypothesize therefore that the degree of convective flow development defines the potential maximum depth of helophytes, allowing the greatest depth colonization in sheltered, oligotrophic sites with low sediment oxygen demands. As exposure, light attenuation and sediment oxygen demand increase, it is predicted that these will become increasingly important in restricting depth of colonization.
To test our hypothesis, the maximum depths achieved by the deepest-growing helophytes were investigated in 17 lakes differing in size and trophic state throughout New Zealand. Then maximum depth of colonization was related to convective flow development, shoreline exposure and sediment characteristics. The following questions were asked: (a) do the species forming the deepest helophyte vegetation differ in their convective flow development; (b) if so, do species differing in convective flow development have different maximum depths in lakes; and (c) how are these maximum depths affected by lake water quality, shoreline exposure and sediment characteristics?
MATERIALS AND METHODS

Comparison and classification of gas flow capacities
The internal pressurization and gas flow capacities of the seven helophyte species found on the lake shores (Apodasmia similis, Baumea arthrophylla, B. articulata, Eleocharis acuta, E. sphacelata, Schoenoplectus tabernaemontani, Typha orientalis) were compared using plants in outdoor cultures (five replicate plants of each species). These were vegetatively propagated from rhizome tips planted in commercially available topsoil in polythene-lined boxes (0 . 3 Â 0 . 5 m, 0 . 5 m height), and fertilized (Yates Magamp and Thrive, Yates NZ Ltd) to a final soil concentration of N ¼ 2 . 3 g kg 21 and P ¼ 0 . 9 g kg 21 . The boxes were permanently flooded to the soil surface in concrete raceways with a continuous through-flow of local river water throughout the growth period and during measurements. Pressures and flows were measured after 4 weeks, once plants had produced approx. five culms or leaves, and hence were large enough to allow through-flow convection to occur.
As the aim of this experiment was to compare convective flow capacity between species as a species trait, an effort was made to minimize any mechanical damage which could affect development of through-flow convection in whole plants, and to maximize sensitivity of readings from whole plants. Hence, for the cylindrical-stemmed species, pressures and flows were measured on the oldest shoot by excising senescent tissue and thereby ensuring it was an efflux shoot whilst the other shoots remained intact and were influx shoots. These efflux shoots were connected to the gas flow instrumentation described by Sorrell and Tanner (2000) , allowing continuous recording of pressures and flows. For T. orientalis, plants had produced only one leafy shoot at this stage and this was connected to the instruments via the rhizome base. Readings were made over 4 d and logged, along with ambient humidity and air temperature, for 30-min periods for each replicate plant. Comparisons of pressures and flows were made at similar high vapour pressure deficits (1300 -1500 Pa) to ensure comparability under conditions where high pressurization and flow would be expected. Although internal pressurization and flow have previously been compared in some of these species (Brix et al., 1992) , the present comparison allowed all seven species to be classified based on data recorded under similar conditions for all species. From pressure and flow data, the species were classified into the 'flow absent', 'low flow' and 'high flow' gas flow categories previously described by Brix et al. (1992) and .
Field studies
The 17 lakes chosen for field investigations provided a range of sizes, morphologies and environmental characteristics (Table 1) . They are situated between 34857's and 46839's and all have largely natural water level fluctuations, without major human regulation. Differences in shoreline development and size allowed plant depths to be measured on shoreline points that varied widely in exposure. The distribution of helophytes on shorelines was mapped during the austral summer of 2003 -2004 , recording the maximum depth penetration as the water depth adjacent to the lakeward edge of the vegetation (Weisner, 1991) at each of 3 -17 points per lake, depending on lake size and extent of vegetation development, giving 135 depth records in total. All depth records included the species forming the outer fringe and were fixed by GPS for later exposure modelling.
Lake trophic levels were calculated numerically as the trophic level index (TLI), a composite index based on total nitrogen (TN), total phosphorus (TP), Secchi depth and chlorophyll a data for each lake (Burns et al., 1999) , using water quality data from local regulatory authorities. In this categorization, low numbers indicate oligotrophy and high numbers increasing eutrophy. The attenuation coefficient for downwelling irradiance (K d ) at each lake was measured with a Li-Cor cosine-corrected underwater PAR ( photosynthetically available radiation) sensor and calculated by log-linear regression of depth versus downwelling irradiance. TLI and K d are only weakly correlated in Table 1 (r ¼ 0 . 49, P ¼ 0 . 07), due to the high suspended sediment and dissolved organic matter concentrations in many lakes. Hence, TLI and K d were treated as separate factors in the data analysis.
Sediment samples (100 cm 3 ) from the superficial 0 -0 . 2 m layer of the rooting depth were collected by SCUBA divers from up to five sites in each lake, representing the range from exposed to sheltered sites immediately outside the deepest emergent vegetation. The samples were sealed in air-tight containers, kept in an insulated box at 4 8C, and redox potential measured within 12 h with a platinum wire electrode against a Ag/AgCl reference electrode, with the reference potential of þ199 mV added for correction to electrical redox potential (Eh) values. Subsamples were then dried at 105 8C, weighed and analysed for loss on ignition (LOI) as loss of dry mass on combustion at 400 8C. Further subsamples were analysed for TP and TN by standard methods (Viner, 1989) and for particle size distribution on a CIS-100 particle size analyser (Galai WCIS 100, Galai Production Ltd, Israel), after removing macrophyte detrital material. Apart from this material, all samples had particle sizes ,2 . 5 mm and lacked gravel, boulders and cobbles. The median particle size for each sample was used in subsequent data analyses. It was not possible for logistical reasons to collect sediment samples from all 135 depth points in the study.
Characterization of exposure
The maximum depth of sediment motion (DSM) was estimated at each depth record location with a computer-generated wave hindcast model based on lake shape, bathymetry and local wind records (NARFET wave generator model; Smith, 1991) . DSM from the NARFET model was chosen as the most relevant wave exposure variable, as erosion and uprooting are likely to be the depth-limiting processes for rhizomatous helophytes, but DSM was in any case strongly correlated with other parameters such as wave height and amplitude.
Data analysis
Analysis of variance (ANOVA) was used to identify differences in internal pressurization and gas flow rates for classification of species into gas flow categories. Data were log-transformed (log 10 n þ 1) in order to satisfy assumptions of heterogeneity of variances according to Cochran's C test. Gas flow categories were allocated based on post-hoc Tukey identification of groups of means.
The importance of flow category, lake trophic level, light attenuation and shoreline exposure in controlling depths were then explored with regression tree analysis (De'ath and Fabricius, 2000) . Regression tree analysis is a particularly robust method where there are nonlinear relationships, combinations of categorical and continuous independent variables, unequal sample sizes, and high-order interactions, all of which were features of the data. The regression tree model was selected by cross-validation, by running a series of 50 10-fold cross validations and then choosing the smallest tree with an estimated error rate within one standard error of the minimum (Breiman et al., 1984) . Maximum plant depth was the dependent variable and the independent variables were flow category, lake trophic level (TLI), K d and DSM. 
where L ¼ shoreline length and A ¼ lake area. † TLI (trophic level index) values calculated and lakes classified following Burns et al. (1999) 
ANOVA and post hoc Tukey tests on log-transformed data were then used to compare sediment characteristics between the environmental classes produced in the regression tree analysis.
The relationships between colonization depth and exposure were tested either by linear regression or by calculating Kendall's T, the rank correlation coefficient, depending on which gave the greatest statistical significance. Maximum possible depths versus exposure were further examined using quantile regression analysis, which delineates maximal responses to a given variable in data where multiple limiting variables are in operation (Cade et al., 1999; Cade and Guo, 2000) .
RESULTS
Gas flow categories of the deepest-growing helophytes and maximum depths Gas flow capacity clearly discriminated three gas flow groups amongst the seven species that formed the deepest vegetation in the lakes (Table 2) . Apodasmia similis and E. acuta had no detectable internal pressurization or flow, and hence were allocated to the 'flow absent' category. The 'low flow' category, characterized by static pressures that were significantly greater than zero but ,200 Pa, efflux flow rates ,1 . 0 cm 3 min 21 shoot 21 and area-normalized flow rates ,0 . 5 cm 3 m 22 s
21
, included the two Baumea species and S. tabernaemontani. Typha orientalis and E. sphacelata generated high pressures and flow rates per shoot and per unit area; these were allocated to the 'high flow' category.
The range of water depths achieved in the field by the seven species is shown in Fig. 1 . In all cases, the deepest points were found on extensive bands of monospecific, clonal growth of single species. The two species without flow were generally restricted to ,1 . 0 m depth, whereas there was a much greater range of water depths achieved by the other five species. Maximum water depth data for the three 'low flow' species all had medians approx. 1 . 5 m and similar ranges, although B. articulata did occur more deeply than the other two species. The 'high flow' species E. sphacelata was the deepest-growing of the seven species, but its maximum water depth was highly variable and shallow populations of this species were common. The other high-flow species, T. orientalis, had the greatest depth range of all the species, occasionally extending as deep as 1 . 8 m, but in general its depth limits were considerably less than would be expected from its gas flow capacity. Of the total 135 depth records, 12 % were from 'flow absent' species, 19 % from 'low flow' species, and the great majority from the two 'high flow' species (33 % T. orientalis, 36 % E. sphacelata).
Physiological and environmental controls of maximum depths: regression tree analysis Regression tree analysis relating the maximum water depths achieved by the helophytes to the gas flow capacity and environmental parameters is shown in Fig. 2 . Crossvalidation using the 1-s.e. rule selected a seven-leaf tree, with the selected tree explaining 72 . 2 % of the total sum of squares. Gas flow category, TLI, K d and DSM were all selected as significant drivers of maximum depths. The seven classes delineate significantly different groups of species-depth records defined by particular combinations of gas flow capacity and environmental conditions. These are described in Table 3 .
The two 'flow absent' species were restricted to shallow depths irrespective of environmental conditions (Class A). In the more eutrophic lakes (TLI . 3 . 48), the deepest vegetation was restricted to very shallow depths when light attenuation was high (K d .1 . 52, Class B), even though these were almost all sheltered sites (DSM ranging from 0 . 2 m to 1 . 8 m). In eutrophic lakes with clearer water, vegetation was able to grow deeply in sheltered sites (Class C), but was much shallower in exposed sites (Class D). Exposure was an even more important factor in the more oligotrophic lakes (TLI , 3 . 48), allowing very deep vegetation in sheltered sites (Class E) and moderately deep vegetation in exposed sites (Class G). Another small, very shallow class (Class F) comprised all the records from the most nutrient-poor lake, microtrophic Lake Taharoa. The regression tree analysis demonstrates that light attenuation was an important factor limiting depths in the more eutrophic lakes, but not in the more oligotrophic lakes, and that sheltered and exposed sites both supported deeper vegetation in oligotrophic lakes than in eutrophic lakes.
Species differing in gas flow capacity clearly differed in frequency and depth within these classes. Table 3 and Fig. 3 show Flow categories (absent, low and high) classified as in Brix et al. (1992) and . All measurements made at vapour pressure deficits of 1300-1500 Pa (23-27 8C, 52-58 %RH), n.d. ¼ not determined.
One-way ANOVA identified significant differences in static pressure (F ¼ 820, P , 0 . 001), efflux flow (F ¼ 2627, P , 0 . 001) and area-normalized flow (F ¼ 305, P , 0 . 001) between species. Superscript letters within columns identify significantly different means. that the 'low flow' species rarely ever formed the deepest vegetation in the more eutrophic lakes. Only B. articulata did so, but only when water clarity was high, and it was always shallow in eutrophic conditions (Class D in Fig. 3 ). However, all three 'low flow' species were frequently the deepest species in oligotrophic lakes, and they were disproportionately common in the oligotrophic exposed Class G (58 % of all 'low flow' records in the data set occur in Class G).
Typha orientalis, in contrast, was the only species in the eutrophic, low-clarity Class B, despite having a very shallow depth range in this class (Table 3) . Its maximum depths decreased with lake trophic level (Fig. 4) . Note that the median values of the depth records decrease curvilinearily with TLI in Fig. 4 , and that the maximum depths are always deep in oligotrophic lakes, highly variable in mesotrophic lakes, but constrained to shallow depths in eutrophic lakes. This species never formed the deepest vegetation in the oligotrophic, sheltered Class E (Fig. 3) , and its deep records in Fig. 4 were from relatively exposed oligotrophic sites (DSM ¼ 1 . 7-3 . 7 m).
Eleocharis sphacelata, while never forming the deepest vegetation in eutrophic lakes with low water clarity, was the most common species to do so in eutrophic lakes with higher water clarity, and the only species to do so in sheltered sites in these lakes (Table 3 , Class C). It was also very common as the deepest species in oligotropic lakes, irrespective of exposure, despite being restricted to shallower water in more exposed sites (Class E cf. Class G in Fig. 3 ).
Effect of exposure on maximum depths
The relationship between DSM and maximum depth penetration for all species is shown in Fig. 5 . Depth penetration was always restricted at exposed sites, whereas a wide range of depths was recorded at sheltered sites. Despite this, there was a highly significant negative correlation between maximum depths and DSM (T ¼ -0 . 293, P , 0 . 01), and particularly when modelled with quantile regression analysis ( Table 4 ). The 95 % quantile regression line is the change in depth of the 95th percentage quantile of the maximum depth data versus DSM, and indexes the greatest depth at a given exposure. It was highly significant (P , 0 . 01) with a depth vs exposure slope of -0 . 53 m (depth) m 21 (DSM), and a maximum potential depth limit for the helophyte vegetation of 3 . 26 m when DSM ¼ 0. The scatter of data in Fig. 5 shows that helophyte vegetation in these lakes frequently fails to reach the maximum depth possible at any given degree of exposure, because of the other effects identified with the regression tree analysis. 
Regression tree explaining maximum depths of the helophyte vegetation in terms of gas flow category (absent, 'low flow', 'high flow'), trophic level index (TLI) of the lakes, light attenuation (K d , m 21 ) and exposure (DSM, m). The regression has selected a seven-leaf tree by the 1-s.e. crossvalidation rule. Each of the six splits is labelled with the variable and its values that determine the split. Each node is labelled with the mean depth value and the number of observations in each class (italic, in parenthesis). The tree explained 72 . 2 % of the total sum of squares, and the vertical length of each split is proportional to the variance explained. The seven classes (A -G) formed at the nodes are groups of depth records that differ significantly in plant gas flow development and environmental depth limitation, and are described in Table 3 .
Interpretation of Fig. 5 in terms of the regression tree analysis highlights the limited depth penetration (,1 . 0 m) of the two flow-absent species (Class A) and plants in Lake Taharoa (Class G) irrespective of exposure, and the restriction of vegetation to shallow depths in the more eutrophic classes (especially Class B). The species also differ in their responses to exposure (Fig. 6 ). There were highly significant relationships between DSM and maximum depths for the three 'low flow' species and E. sphacelata, but not for T. orientalis. However, the 95 % quantile regression slope was significant for depth versus exposure in T. orientalis (Table 4) , consistent with the finding of the regression tree analysis that trophic state and light attenuation frequently restricted this species to shallower water than would be expected from DSM alone. Table 5 compares sediment characteristics between sites from the six environmental classes supporting the 'low flow' and 'high flow' species. Microtrophic Lake Taharoa was characterized by a highly oxidizing mineral substrate with very low organic matter content, high Eh and very low nutrient concentrations, with nitrogen content below the level of detection. Amongst the other classes, several generalities were evident. Sheltered sites had higher organic matter and nitrogen content, smaller particle sizes, lower total solids, and lower Eh than exposed sites. For any given exposure, particle sizes were TABLE 3. Least-squares means (+ s.e.) of the maximum helophyte depths achieved in the seven classes generated by the regression tree analysis (see Fig. 2 Table 3 for class descriptions). Box and whisker plots show median values with quartiles (boxes), 95 % ranges (whiskers) and . 95 % outliers (dots). Numbers in parenthesis refer to numbers of records in each category. significantly larger in the oligotrophic classes than the eutrophic classes. In sheltered sites, Eh was significantly lower and organic matter and TN content higher in eutrophic sites than in oligotrophic ones. In contrast, there was no significant difference in these three parameters between oligotrophic and eutrophic exposed sites. Phosphorus concentrations were highly variable and showed few consistent patterns related to either exposure or trophic state.
Sediment characteristics
T. orientalis
DISCUSSION
This study confirms that environmental variables interact with the physiological depth tolerance conferred by convective flow development to set the maximum depths of helophytes. The inability of species lacking convective flow to penetrate beyond approx. 1 m water depth irrespective of environmental conditions was the first factor to be recognized in the analysis of this multi-site data set. However, a clear competitive advantage for species capable of generating high convective flow rates over those capable of lower flow rates was less evident from depth ranges alone. The 'low flow' species B. articulata had a deeper range than the 'high flow' species T. orientalis, although less deep than the 'high flow' E. sphacelata. All five of the species with some convective flow had wide ranges in maximum depth, regardless of convection capacity, as factors other than aeration played major roles in determining maximum depths at specific sites. At the outset we hypothesized that unfavourable exposure, light attenuation and sediment oxygen demand could prevent plants reaching their physiological depth potential, and the regression tree analysis confirmed that all of these were important, and explained most of the variation in the data set. Table 3 , with constituent species in parenthesis; the species abbreviations are as in Fig. 1 . The similarity of depth ranges occupied by 'low flow' and 'high flow' species is consistent with mathematical modelling and experimental data on the relationship between flow rate and internal oxygen concentration, which is hyperbolic (Armstrong et al., 1992; Sorrell et al., 1997) . Hence, even a small amount of convection greatly raises internal oxygen concentrations compared with that sustained by diffusion alone when gas transport is occurring over long distances. also found that species with low or even no flow could grow as deeply as 'high flow' species in her study of species distributions along transects, although 'high flow' species had higher internal oxygen concentrations than the others. Both her study and the present one suggest that high rates of convective flow are not essential for colonizing deep water under conditions that are benign for aeration, but that the greater fluxes of oxygen delivered in 'high flow' species become important when additional factors apart from depth are lowering internal oxygen concentrations.
The competitive advantage conferred by high flow rates is evident, therefore, in the two 'high flow' species forming the deepest vegetation considerably more often than the 'low flow' species, and in more anaerobic habitats. In particular, they formed the deepest vegetation almost exclusively in the more eutrophic lakes, T. orientalis when light attenuation was high and E. sphacelata when light attenuation was low. Eutrophic conditions are associated with increased oxygen demands in sediments due to high decomposition rates (den Heyer and Kalff, 1998;  Table 5 of the present study) and this is known to cause anaerobic stress in helophytes (Lenssen et al., 1999) . In these conditions, the high rates of oxygen supply delivered in 'high-flow' species become more critical for growth and survival. The importance of high flow rates in the deep-growing plants is also evident from morphological adjustments such as wider stems and increased lacunal area that decrease internal resistances and increase flow in both E. sphacelata and Typha domingensis as depth increases (Sorrell and Tanner, 2000; White et al., 2007) .
Light attenuation may affect helophytes by reducing photosynthesis in the underwater tissues, which is important for maintaining internal oxygen concentrations and carbon balances via re-fixing of respiratory carbon dioxide (Singer et al., 1994) . Eleocharis sphacelata has numerous cortical and epidermal chloroplasts in its underwater tissue (Sorrell et al., 1997) . Its failure ever to form the deepest vegetation in eutrophic lakes when K d was high despite commonly doing so when K d was low suggests that its underwater photosynthesis is an important component of its aeration, along with its convection. Provided there was sufficient underwater light for it to exploit, it always out-competed T. orientalis in deep eutrophic water. Eleocharis sphacelata appears also to be the species with the broadest tolerance, forming the deepest vegetation in all environments except eutrophic lakes with low water clarity.
The most flood-tolerant of the seven species is therefore T. orientalis, given its persistence in the most inimical habitats from which even E. sphacelata was excluded. The many shallow records for this species reflect its ability to persevere in the most turbid eutrophic waters where deep growth is never possible, and in which no other species can achieve even the modest depths it colonizes. Low maximum depths for this species are therefore best interpreted as an ability to cope with extremely high oxygen demands in sediment and water and light attenuation that is lacking in other species. Its greater anoxia tolerance than the other species can be linked to the high rates of flow, oxygen flux into roots, and root oxygen release rates in Typha species (Matsui and Tsuchiya, 2006) , and possibly also to photosynthesis in the underwater tissues being sustained by leaf gas films (Colmer and Pedersen, 2008) . Like most Typha species, T. orientalis is a vigorous competitive species favoured under high nutrient regimes, and nutrient enrichment often occurs in association with anaerobic conditions that are generally tolerated well, albeit to differing degrees, by different Typha species (Grace, 1988; Tornbjerg et al., 1994; Zedler and Kercher, 2004) .
The prevalence of the 'low flow' species on exposed shorelines of oligotrophic lakes is consistent with the low oxygen stress experienced at these sites. Wave action on exposed shorelines removes fine organic matter from sediments, as seen in larger particle sizes and lower organic matter content (Keddy, 1983; Coops et al., 1994) . The present sediment data show how redox potentials were higher in exposed sites than sheltered sites, and helophytes are known to be able to grow more deeply in water when substrates have higher redox potentials (Weisner, 1991; Vretare Strand and Weisner, 2002) . Hence, although exposure reduced the depth colonization of all five species with convective flow, it improved conditions for 'low flow' species because of greater sediment aeration. This resulted in the exposed oligotrophic sites having the highest diversity of helophyte species (all five species with convective flow). For a given level of exposure, redox potentials were also higher in oligotrophic than eutrophic lakes, most likely because organic matter accumulation in eutrophic lakes leads to higher oxygen demands and more reducing conditions than the more mineral sediments in oligotrophic lakes (Lenssen et al., 1999) . More oligotrophic conditions clearly favour deeper helophyte growth, unless a lake is so infertile that nutrient availability limits growth and depth colonization (e.g. Lake Taharoa). Exposure to wave action emerged as an important variable, with depth of extension greatest in sheltered waters, regardless of trophic state. Wave action affected every species, but in different ways. Sheltered conditions favoured the cylindricalstemmed Cyperaceae, especially E. sphacelata and Baumea species, which gave way to the broad-leafed T. orientalis as the plant most likely to form the deepest vegetation as wave energy increased. Cylindrical Cyperaceae have previously been shown to be susceptible to high wave energy (Coops et al., 1994) , and E. sphacelata has particularly porous, soft stems that are likely to be vulnerable to mechanical disturbance (Sorrell et al., 1997 (Sorrell et al., , 2002 . Physical disturbance of plants depends on the interaction between waves, buoyancy, anchoring and form drag of individuals and clonal colonies, and wave height and orbital velocities are key factors restricting growth (Coops et al., 1991) . Architecture of leaf and root/ rhizome structure is likely to play an important role in determining resistance to wave action, and the present data suggest that T. orientalis may be the most wave-tolerant of the common New Zealand emergent species. This contrasts with the smaller, narrower-leaved T. angustifolia in Europe, which is restricted to sheltered sites (Coops et al., 1991) .
The results presented here confirm that the depth extension of emergent vegetation is determined by a complex of interacting external and internal variables, as suggested in earlier studies (Coops et al., 1999) . The ability to generate convective gas flow appears to be an absolute requirement for dominance beyond 0 . 5-1 . 0 m depth. Two species capable of generating high flows, T. orientalis and E. sphacelata, tended to extend deeper than those generating low flows. Trophic state affected depth extension and dominance patterns, with lesser depths and greater dominance by T. orientalis in nutrient-rich lakes with reducing sediments, and deeper extension, particularly of E. sphacelata, in oligotrophic lakes. Wave action compounded this complexity, with an overall reduction in depth extension with increasing wave energy and again a shift in species dominance from cylindrical-stemmed sedges towards T. orientalis.
